Co-operative Adaptive Cruise Control (CACC) uses wireless communication between vehicles to form a vehicle platoon. It has been proven that CACC aids in the stability and efficiency of traffic flow, and also reduces the energy consumption of the vehicles by lowering air resistance of the following vehicles. However, communication delay is a natural uncertainty for a platoon under CACC mode. When the delay gets worse to a particular level, the string stability of the platoon will be destroyed, meaning spacing or speed errors will be amplified upstream from vehicle to vehicle in the platoon. Therefore, in this study, a numerical method is proposed to identify the communication delay boundary according to the vehicle dynamics and the parameter settings of the CACC controller. First, in the Laplace domain, a series of string stable bodies under different disturbance frequencies are created based on the string stability criteria. Considering the frequency characteristics of traffic flows, the string stable bodies are then combined into a uniform one. Lastly, with the increase of communication delay, its upper bound will be obtained until the area of string stability totally disappears. Two simulations were conducted to verify the correctness and accuracy of the proposed method. The results indicate that the string stability cannot be guaranteed once the communication delay just exceeds the upper bound. This study can provide an objective boundary for practitioners or engineers, thereby allowing them to determine whether wireless inter-vehicle communication is capable of maintaining a string-stable platoon.
I. INTRODUCTION
In the last decade, the e-commerce industry worldwide has developed rapidly and the logistics industry is becoming increasingly prosperous. Consequently, road transportation infrastructure is experiencing enormous stress. In the European Union (EU), road transportation accounts for the largest proportion of its logistics industry, which is about 50%. In the USA, truck shipments accounted for more than 60%, and
The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wang. continue to be the largest mode of transport utilized for cargo transportation. In China, the transaction volume of the online retail market reached 1.614 trillion yuan until the first half of 2015, of which truck transportation accounted for 75% of the total freight volume of the country. Therefore, working out how to improve traffic safety and traffic efficiency is a critical challenge.
The emergence of platooning technology has provided new ideas for modern road transportation. A platooning system utilizes sensing and control subsystems to maintain a certain safe distance between multiple vehicles. All vehicles in the platoon automatically follow the leader, making the entire platoon a single entity. Because the vehicles of the platoon can sense each other, they can achieve a high average speed and relatively short spacing even under a safe driving mode. In addition, during motion, the air resistance of the rear vehicle of the fleet will decrease due to the short distance between the vehicle queues; thus, the fuel consumption is reduced.
Adaptive cruise control (ACC) can be used to manage vehicles of the platoon if the vehicle is autonomous and can use its radar to obtain the dynamic information of the preceding vehicle. Using inter-vehicle wireless communication, ACC has evolved into cooperative adaptive cruise control (CACC). A vehicle using CACC mode can receive the information of the preceding vehicle or the lead vehicle through wireless communication. CACC can allow a platoon to achieve a better performance compared with ACC owing to its cooperative nature. However, the reliability of wireless communication is related to many uncertainties such as the multipath effect of electromagnetic waves, traffic density, electronic noises, building barriers, tunnels, and green vegetation etc. The vehicle string will be unstable if the wireless communication system suffers a certain level of delay, in which the spacing error between vehicles will be amplified from vehicle to vehicle towards the front of the platoon. Thus, the performance of the platoon will decrease dramatically. At this time, the control model of the CACC should be shifted to an ACC model to avoid instability and inter-vehicle collisions.
Therefore, it is important to determine when a platoon should shift from CACC to ACC, or even to manual control (human driving). The major contribution of this work is the proposal of a numerical method to identify the communication delay boundary that guarantees string stability of a platoon. Thus, practitioners and engineers can determine whether the communication system they are using is qualified for the current controller settings and vehicle dynamics. We verified the proposed numerical analysis results using realistic simulations, in which the string stability of the vehicle platoons was tested under different levels of communication delay by applying various metrics, including the speed, speed error, spacing error, and headway time.
The remainder of this paper is organized as follows: Section II presents related studies on the impact of a communication delay on CACC longitudinal control. Section III describes the necessary problem statement regarding CACC string stability, in which the longitudinal dynamics, general control law, and string stability criteria of a vehicle are introduced. The main idea of this study is elaborated on in Section IV. A numerical method is developed to identify the communication delay boundary. Simulations carried out to verify the correctness and accurateness of the obtained communication delay boundary are then detailed in Section V. Finally, the main points of the present study are summarized in Section VI.
II. RELATED STUDIES
In the literature, many studies have contributed to the design of a longitudinal controller for platooning [1] - [4] . However, a specific work for investigating the delay boundary of a wireless communication system in which string stability is considered is yet to be performed. In fact, the delay related to longitudinal platoon control includes the communication delay, sensor delay, and actuator lag. A communication delay is incurred by data collisions, signal shadowing, and fading in the wireless communication system. A sensor delay is generated by the signal sensing and filtering in on-board sensors, e.g., millimeter-wave radar. An actuator lag is caused in the lower level of the vehicle's dynamic system owing to the lag of the powertrain or brake actuator.
Some studies have enhanced the string stability when considering a sensor delay or actuator lag. Swaroop conducted an early study on longitudinal control and string stability analysis [5] . He discussed the robustness of a sliding surface controller to actuator/signal processing lags. An improvement was proposed by Naus et al., who introduced a velocity-dependent inter-vehicle spacing policy. In addition, a frequency-domain condition for string stability was derived [6] . Moreover, Wang et al. designed a strategy to enhance the string stability of autonomous vehicles with a sensor delay and actuator lag, in which a predictive control framework model was proposed [7] . Wang also proposed a method that resorts to using the infrastructure to improve the string stability of an ACC controller with a sensor delay and actuator lag [8] . Xiao and Gao et al. proposed a control law based on a sliding-mode controller that considers a sensor delay and actuator lag for a linear ACC controller using the constant time gap (CTG) policy [9] . However, none of the studies above considered the communication delay.
Some researchers have realized the impact of a communication delay on string stability. They have relied on changing the network configuration to suppress the communication delay, and thus enhance the string stability of the platoon. Fernandes et al. proposed a strategy to mitigate communication delay between platoons (intraplatoon) by using anticipatory information from both the platoon's leader and the followers [10] . Ge and Orosz et al. designed a strategy to provide a flexibility of ad-hoc connectivity to mitigate the communication delay under a large variety of traffic scenarios [11] . However, these studies were not concerned with the communication delay boundary.
Some studies have focused on a controller design that can mitigate the impact of a communication delay on string stability. Ploeg et al. discussed the impact of communication delay on string stability and the time headway but did not provide a theoretical model to define the communication delay boundary [12] . Ploeg et al. developed an H-infinite controller synthesis approach for string stability, in which L 2 stringstable platooning strategies are utilized in a two-vehicle lookahead topology for a larger communication delay [13] . In addition, Gao et al. proposed a H-infinity control method for a platoon of heterogeneous vehicles with uncertain vehicle dynamics and a uniform communication delay [14] . Finally, Harfouch et al. proposed an adaptive switched control strategy which activates an augmented CACC mode depending on communication reliability [15] , [16] . Nevertheless, these studies did not investigate the communication delay boundary.
Liu et al. examined the robustness of current longitudinal controller designs in regards to communication delays and found an upper bound on the preceding vehicle's information delay in a specific network topology [17] . Their study is based on a specific network topology and routing protocol. In fact, the communication delay in their study includes the time slot from the routing protocol. Therefore, their approach is different to ours. Similarly, di Bernardo et al. proposed a consensus strategy to mitigate the string stability problem, in which the platoon is treated as a dynamic network affected by time-varying heterogeneous communication delays [18] . A distributed control protocol was also derived based on graph theory. In the study, the time-varying delay was within a reasonable range, although the delay boundary was not discussed. Recently, Zhou and Ahn proposed a car-following control strategy considering time-varying communication delay [19] . This work derived and proved a sufficient and necessary condition for local stability and a sufficient condition for robust string stability within the frequency domain. Moreover, Chehardoli et al. modeled the platoon as a multiple delayed linear system under various time-varying network topologies in order to handle communication and parasitic delays, in which both internal stability and string stability were investigated. An adaptive control law and a consensus approach were proposed [20] - [22] . The studies described above aimed to design a longitudinal controller to mitigate the influence of communication delay. However, the communication delay boundary was not studied.
In the present study, we took another perspective, in which the communication delay boundary is numerically discovered. String stability is no longer guaranteed when the actual communication delay is beyond this bound. The main aim of this approach is to propose a numerical method to identify the communication delay boundary when considering the vehicle dynamics and controller settings. This study can provide an objective bound for practitioners and engineers to determine whether a wireless inter-vehicle communication (IVC) system is qualified for the current vehicle dynamics and selected CACC controller parameters.
III. PROBLEM STATEMENT
In this section, a general upper-level controller is given when considering a third-order vehicle dynamic model, through which the impact of the communication delay on the controller is investigated using a theoretical derivation. A string stability criterion is then discussed, which provides the theoretical foundation for the definition of a communication delay boundary. 
A. VEHICLE LONGITUDINAL DYNAMICS
A homogenous platoon working on the CACC mode is shown in Fig. 1 , where d i is the gap between vehicle i and its preceding vehicle i-1; d i+1 is the gap between vehicle i+1 and its preceding vehicle i; v i+1 , v i , and v i−1 are the speeds of vehicle i+1, i, and i-1, respectively; and v i · td + G min is the desired gap between vehicle i and its preceding vehicle i-1.
To simplify the formula derivation, this work uses a single predecessor following (SPF) network topology. The following vehicle uses only the acceleration of its nearest preceding vehicle through wireless communication. Moreover, the communication delay is the same for each transmission, although in reality the delay may be variable. To focus on the investigation of communication delay, we assume that the gap measured by radar sensor is accurate.
The position of vehicle i, i.e., x i , increases in the driving direction. The derivative of x i is the speed of vehicle i, i.e., V i , and the second derivative of x i is the acceleration of vehicle i, i.e., a i . The state of vehicle i is indicated in (1) .
where the third derivative of x i refers to the difference of the torque force input u i in a time interval of dt, uis the desired acceleration input calculated from the upper-level control law, and τ i is the mechanical or actuator lag of vehicle i caused by the lag of the powertrain or the brake actuator. The third derivation of x i simplifies the complexity of the lower level control of vehicle i. In a platoon, the CACC controller considers a series of variables of vehicle i, i.e.,
To connect the dynamics between vehicle i and its preceding vehicle i-1, a CACC control law needs to be designed, as shown in (2).
where, f {·} is the specific control law and is the communication delay. Equation (2) provides the relationship between the desired control input u i and the vehicle dynamics S i when considering the communication delay.
B. GENERAL LINEAR CACC CONTROL LAW
For a generalized derivation, we expand (2) when considering a communication delay in acceleration to (3) , in which the acceleration of vehicle i-1 is received by vehicle i through wireless communication. Therefore, the delay term is added at the acceleration of the preceding vehicle i-1.
f {·} is defined as a linear formation in (4):
, and d e , v e , and a e are the desired spacing, speed, and acceleration, respectively. Normally, a e is the derivative of v e and is equal to zero, and f a i−1 , f v i−1 , f d i , and f v i are the gains of the corresponding factors.
This control law aims to maintain a string stable platoon, in which every vehicle travels at a desired speed and maintains a desired spacing with its preceding vehicle. Meanwhile, the acceleration of the vehicles converges to zero.
By doing so, the CACC controller defined in a linear formation, as in equation (4), can be brought into our discussion regarding communication delay boundary modeling.
Inserting (4) into (5) and differentiating both sides, and then rearranging the equation, we obtain (6):
Equation (6) applies a Laplace transformation on the speed error, and thus the transfer function for the speed error is shown in (7):
where e − s is the delay term in the Laplace transform field. Note that the speed error transfer function is the same as the spacing error transfer function in the homogenous platoon case [8] . Therefore, the general linear CACC controller with SPF network topology is defined and its Laplace transform is obtained for further discussion. It worth mentioning that the general linear CACC controller can be replaced by various specific control laws, and the SPF structure also can be changed to another structure, e.g. multi predecessors following (MPF). The proposed method can still be used in these cases. The only difference is that the transfer function will be adapted for the specific respective control law and network structure.
C. STRING STABILITY CRITERIA
String stability is defined as the avoidance of the amplification of a disturbance (speed error or spacing error) created by the lead or preceding vehicle as it propagates upstream the platoon. For the transfer function of a general CACC controller H i (s), the magnitude of H i (s) should be less than 1 to guarantee the string stability requirement, as shown in (8):
where, · ∞ denotes the maximum magnitude for all ω. Therefore, using the condition of (8) in (7), the communication delay boundary can be confirmed. From (7) , we know that the communication delay boundary refers to the vehicle's dynamic system properties, i.e., actuator lag τ i , and the CACC controller parameters, i.e.,
If these parameters are decided, then the communication delay boundary is also confirmed. If the current communication system cannot provide a real-time transmission, the CACC controller should compromise the gains of the input obtained from the wireless communication, i.e., f a i−1 , to guarantee string stability. If the communication delay continuously deteriorates, the CACC will finally switch to ACC mode for the safety and stability of the platoon. The numerical method for the communication delay boundary is proposed in the next section, by considering a specific CACC control law.
IV. NUMERICAL ANALYSIS OF COMMUNICATION DELAY BOUNDARY A. A NUMERICAL METHOD FOR CONFIRMING THE COMMUNICATION DELAY BOUNDARY
Based on the general CACC control law described earlier, we specify a constant time gap (CTG) policy to discuss the communication delay boundary [23] . The control law with a communication delay is given in (9) . Note that we only consider the communication delay for the preceding vehicle's acceleration, and assume there are no delays for the information about relative speed and spacing. These assumptions can let us focus on the impact of the communication delay on string stability.
where k a is the gain of the preceding vehicle's acceleration, k v is the gain of the speed difference between the following vehicle i and the preceding vehicle i-1, k s is the gain of the spacing difference between the following vehicle i and the preceding vehicle i-1, is the communication delay, d i (t) is the gap between the following vehicle i and the preceding vehicle i-1, G min is a standstill distance, and t d is the time headway defined in the CTG policy.
The parameters of (4) can be obtained according to the definition of the general CACC controller, i.e., f a i−1 = k a ,
and f d i = k s . Therefore, the specific transfer function is as shown in (10):
The magnitude of the transfer function can be calculated using (11) , as shown at the bottom of the next page.
String stability requires that the magnitude of transfer function H (jω) be less than 1, as shown in (8) . Therefore, the parameters of the GTC controller should satisfy the requirement of string stability under a certain communication delay and under all considered disturbance frequencies ω.
1) NUMERICAL 3D STABLE BODY
A numerical analysis was conducted to identify the communication delay boundary of the CTG controller mentioned above. Firstly, we proposed a method to numerically identify the string stability area of the CTG controller under a certain communication delay. The string stability area is composed of three dimensions, i.e., k a , k v , and k s , which are the parameters of the CTG controller in (9) . The data point is set in a 3D space when the magnitude of H (jω) is less than 1. Therefore, the string stability area is called a 3D stable body. In fact, a 3D stable body consists of a series of 2D stable surfaces obtained when the parameter of k a is specified. A 2D stable surface is defined as the string stability area composed of two dimensions, i.e. k v and k s . To clearly demonstrate the relationship between a 3D stable body and a 2D stable surface, the step of k a is enlarged to 0.1, as shown in Fig. 2 .
The 3D stable bodies shown in Fig. 2 are composed of a series of 2D stable surfaces at a specific value of k a . We can observe that even when the controller settings (k a , k v , k s , td, and tau) are the same, there are still different 3D stable bodies for different disturbance frequencies. This observation can be confirmed through equation (11) . Fortunately, the disturbance frequency of the transportation flow is normally limited to between 0 and 3 rad/s. Therefore, these 3D stable bodies for specific frequencies can be combined by using an ''AND'' logic calculation to the final 3D stable body that satisfies the condition of equation (8) . That is the maximum magnitude of H (jω) should be less than or equal to 1 for all considered disturbance frequencies, as shown in Fig. 3 .
In Fig. 3a , the 3D stable surface comprised of a series of 2D stable surfaces is shown, in which the step of k a is a large value 0.1. This figure shows the combined results from the 3D stable bodies in Fig. 2 . The 2D stable surfaces are denser when the step of k a decreases to 0.01, as indicated in Fig. 3b . We apply a red skin to the 3D stable body, as shown in Fig. 3c . This type of 3D stable body will be used in the remainder of this paper.
2) COMMUNICATION DELAY BOUNDARY FOR STRING STABILITY
To identify a communication delay boundary, k a should first be confirmed. This item is related to what percentage of the preceding vehicle's acceleration will be used by the CTG controller. The selection of the k a parameter refers to the traffic safety, traffic efficiency, and volatility of the platoon, which is outside the range of the present study. Here, a value of 0.6 is selected for k a to achieve a balanced platoon performance.
A series of 2D stable surfaces are obtain corresponding to different values of communication delay, as shown in Fig. 4 .
From Figs. 4a-4f, we observe that the area of a 2D stable surface decreases with an increase in the communication delay. The string stability area disappears completely in Fig. 4f at a communication delay of 0.5 s. Therefore, the communication delay boundary has been found. Moreover, the 0.4 value of k v and the 0.2 value of k s are always included in the string stability area until the area disappears. Thus, the communication delay boundary is 0.5 s for the CTG controller, in which the values of k a , k v , and k s are set to 0.6, 0.4, and 0.2, respectively. This conclusion is validated through the simulations described in section 5.
To prove the correctness of the proposed numerical method, a Bode diagram, indicated in Fig. 5 , is plotted for the same controller parameters (k a , k v , and k s ) and three delays We can see that the magnitude of H(s) is always less than 1 in terms of all disturbance frequencies when the delay is equal to zero. The magnitude of H(s) increases slightly when the delay is set to 0.2 s. Finally, the magnitude of H(s) is slightly more than 1 at low disturbance frequencies when the communication delay reaches its boundary at 0.5 s. This observation proves the correctness of the proposed numerical method.
B. IMPACT OF PLATOOING PARAMETERS ON A STRING STABLE AREA 1) GAINS OF CONTROL LAW
The gain in k a , which is related to the communication delay, is numerically investigated. Delays of 0.01, 0.1, 0.3 and 0.6 s are assigned to obtain the 3D stable bodies shown in Fig. 6 .
We can see that the string stability area shrinks and that the value of k a is constrained with the increase in the communication delay. The first observation is straightforward and shows that the string stability area is reduced when the communication delay increases. It also proves that there is a communication delay boundary when the 3D stable body disappears. The second observation implies that the greater the cooperative information used, the greater the wireless communication network performance required, and vice versa. This means that, if a large k a gain is used, the system should provide stronger real-time wireless communication. Some studies have confirmed that the more network cooperation that is used, the higher the platoon performance obtained [6] , [12] , [14] , [24] .
2) HEADWAY TIME
The headway time represents the gap between the following and preceding vehicles. The relationship between the platoon headway time and the communication delay is investigated here. As shown in Fig. 7 ., 3D stable bodies are obtained for headway times of 1, 0.9, 0.8 and 0.7 s, and the communication delay and actuator lag are fixed at 0.1 s and 0.5 s, respectively.
We can see that the string stability area shrinks with a decrease in the headway time. The size of a 3D stable body can reflect the range of the communication delay boundary. Therefore, the results imply that the platoon system can be more tolerant to a communication delay if its headway time is set relatively higher.
3) ACTUATOR LAG
The actuator lag is the retarded time between when an acceleration command from the upper-level control of a vehicle is sent and when it is enacted by the lower level control of the vehicle. The impact of actuator lag on platoon string stability is investigated here. The 3D stable bodies with different actuator lags 0.2, 0.3, 0.4, and 0.5 s, are shown in Fig. 8 . We can see that the string stability area shrinks significantly with an increase in actuator lag. This makes sense because vehicles can tolerate a relatively higher communication delay if their actuator can react faster, and vice versa. It should be noted that the actuator lag significantly influences string stability, when compared to headway time. Normally, the actuator of a car is approximately 0.5 s according to Rajamani's work [25] .
C. COMPARISON WITH PREVIOUS STUDIES
In previous studies [8] , [9] , the performance of string stability was also estimated using a similar transfer function to that described in (10) . The method will be detailed here to serve as a reference method for comparison with the proposed numerical method outlined in this study. To satisfy the requirement of string stability, the magnitude of the transfer function H (jω) should be less than 1, as shown in inequality (12) below:
where,
In a previous work, UP 2 was amplified to remove the items of sin( w) and cos( w) in (13) . Therefore, (15) was obtained.
Finally, an inequality was obtained according to the condition of string stability (inequality (12)).
The 3D stable bodies can be obtained using the condition of inequality (16) , as shown in Fig. 9 .
We can see that the string stability area decreases with an increase in the communication delay. However, it is worth noting that the maximum value of k a is no more than 0.2 when no communication delay occurs. This observation is unusual because the expected acceleration of the current vehicle only considers 20% of the acceleration of the preceding vehicle. This is precisely the disadvantage of the previous study; it cannot give an accurate communication delay boundary, only a rough one. The reason for this is that the method provides a relatively harsh condition to guarantee the string stability. The harsh condition comes from the processing of UP 2 in (15) . There, UP 2 is amplified to satisfy the requirement of inequality (12) , whereas the processing suppresses the parameters of the controller significantly. In the next section, we will validate the correctness and accurateness of our numerical method through realistic simulations.
V. SIMULATION VALIDATION
To verify the proposed numerical method, a demonstrated CACC controller using the CTG policy is coded into Plexe, which can realistically simulate platooning (i.e. automated car-following) systems. Plexe features realistic vehicle dynamics and several cruise control models, permitting the analysis of control systems, large-scale and mixed scenarios, as well as networking protocols and cooperative maneuvers. Plexe is actually a platooning extension of a program called Veins that is a simulation framework for vehicular networks. Veins relies on two simulators, namely, OMNeT++, an event-based network simulator, and SUMO, a road traffic simulator. Veins provides a python program to associate OMNeT++ and SUMO through a TCP socket connection, thus extending them to offer a comprehensive suite of models for an inter-vehicle communication simulation.
A. SIMULATION CONFIGURATION Plexe 2.1 (based on Veins 4.7), OMNeT++ 5.1.1 and SUMO 0.32.0 were used in our simulations. The MAC and PHY layers of the DSRC device are based on the IEEE 802.11p standard. The data rate was set to the maximum for broadcasting (6 Mbit/s in IEEE 802.11p), the transmission power was set to 100 mW, and the receiver sensitivity was set to -94 dBm. The Friis free space path loss propagation model was used, in which the exponent α was assigned a value of 2.0. The size of the beacon was set to 200 bytes and the sending period of the beacon was 0.1 s. For the platoon system, the actuator lag was set to 0.5 s and the time headway was 1 s. The controller parameters, k a , k v , and k s , were set to 0.6, 0.4, and 0.2, respectively, according to the proposed delay boundary model. All simulation settings are summarized in Table 1 .
B. TRAFFIC SCENARIOS
In the simulation validation, two scenarios were investigated, i.e., the ''acceleration-cruise-brake'' and ''sinusoidal'' scenarios. In the acceleration-cruise-brake scenario, the leader of the platoon conducts a speed profile, including the acceleration, cruise, and braking processes. In the sinusoidal scenario, the leader of the platoon executes a sinusoidal speed profile. The acceleration-cruise-brake scenario is a typical one for platooning on a highway, whereas the sinusoidal scenario can provide a specific frequency of the leader's speed disturbance, which has physical meaning in verifying the transfer function obtained from a Laplace or Fourier transform. There are six vehicles in a platoon driving on a single-lane highway. The vehicles are homogenous and have a maximum acceleration of 2 m/s 2 and a maximum deceleration of 2 m/s 2 .
In the acceleration-cruise-brake scenario, the lead vehicle starts at a speed of 30 km/h, and after 10 seconds accelerates with maximum acceleration, and then cruises at approximately 100 km/h for 30 s. Finally, the lead vehicle starts to brake with its maximum deceleration for 10 seconds to return to a speed of 30 km/h. The speed and acceleration profile of the leader are shown in Fig. 10 .
In the sinusoidal scenario, the leader first cruises at 30 km/h and after 10 seconds starts to apply an oscillating speed profile. The oscillation frequency is 0.04 Hz. This disturbance frequency is a typical one in a transportation flow. The speed and acceleration profile of the leader is shown in Fig. 11 . 
C. SIMULATION RESULTS
Using our numerical method, the communication delay boundary is obtained at approximately 0.5 s for the controller, in which k a , k v , and k s are set to 0.6, 0.4, and 0.2, respectively. To validate the correctness and accurateness of the proposed method, two simulations were carried out in which the communication delay was gradually increased towards the obtained boundary.
Various metrics were investigated to validate whether the communication delay boundary calculated by our numerical method is correct and accurate. The metrics included the speed of every vehicle, the speed error, the spacing error, and the headway time. The speed error is the difference in speed between the preceding vehicle and the following vehicle. The spacing error is defined as the difference between the actual gap and the desired one. The desired gap is defined as v i (t) · t d + G min . For the headway time metric, it will be shown that the real-time headway time fluctuates around the presetting one (1 s was set in simulations).
1) CASE 1: ACCELERATION-CRUISE-BRAKE SCENARIO
In this case, the lead vehicle of the platoon applies an acceleration-cruise-brake speed profile. By doing so, we can observe the situation about string stability when the speed of the lead vehicle gets disturbances; moreover, when the communication delay reaches its boundary.
As shown in Fig. 12a , when there is no communication delay the following vehicles can adjust their speed to react to the speed disturbance of the lead vehicle. However, a slight disturbance is incurred if the communication delay reaches 0.2 s, as shown in Fig. 12b . The speed disturbance worsens when the communication delay touches its boundary at 0.5 s, as shown in Fig. 12c . The largest speed oscillation is applied by the last vehicle of the platoon.
In Fig. 13 , the results of speed error clearly show the speed disturbance of the vehicles that are following when the lead vehicle accelerates and brakes. As shown in Figs. 13a and 13b, the oscillations of speed error can be mitigated when the communication delay does not reach its boundary. As shown in Fig. 13c , the speed error of the following vehicles goes beyond that of their preceding vehicles when the communication delay touches its boundary. That means the disturbance of speed error is amplified towards upstream of the platoon, and thus the string stability of the platoon cannot be guaranteed.
The deterioration of the string stability can be shown more clearly in the results of spacing error, because a spacing error is an integral of a speed error. We can see that spacing errors are limited when the communication delay is no delay or a small delay, as shown in Figs. 14a and 14b . The spacing error increases significantly when the communication delay reaches its boundary, as shown in Fig. 14c . Moreover, the spacing errors of the following vehicles are larger than those of the preceding vehicles, which shows that the spacing error is amplified towards the upstream of the platoon. The string stability thus cannot be guaranteed.
The results of the headway time also lead to a similar conclusion as that drawn from the spacing error. The disturbance cannot be controlled when the communication delay touches its boundary.
2) CASE 2: SINUSOIDAL SCENARIO
In this case, the lead vehicle of the platoon applies a sinusoidal speed profile with a 0.04 Hz oscillation frequency. By doing so, it more clearly shows the speed or spacing differences towards the upstream of the platoon.
We can observe that the speed of the following vehicles is restrained towards the upstream of the platoon when there is no communication delay, as shown in Fig. 16a . The speed can still be controlled when the communication delay reaches 0.2 s, as shown in Fig. 16b . However, the speed of the following vehicles cannot be constrained when the communication delay approaches its boundary, as shown in Fig. 16c . It is worth mentioning that the string stability of the platoon is hindered at the first peak of the speed data shown in Fig. 16c . The speed of the following vehicles seems be controlled at the second peak. This is because the items of k v and k s mitigate the speed disturbance made by the lead vehicle. We assume that there is no delay in the items of k v and k s . Therefore, the speed amplification is controlled at the second peak. But, the speed amplification at first peak is enough to cause an unstable or unsafe platooning.
For the same reason as above, the first peak of the speed error curves clearly shows the string stability at different communication delays. We can observe that the speed error is constrained when there is no delay or a relatively small delay, as shown in Figs. 17a and 17b . However, the speed error of the following vehicles cannot be mitigated when the communication delay touches its boundary, as shown in Fig. 17c .
The results of the spacing error show the deterioration of the string stability more clearly than those of the speed error. We can see that the spacing error is small and limited when the communication delay is inside its boundary, as shown in Figs. 18a and 18b. However, the spacing error increases significantly when the communication delay reaches its boundary, as shown in Fig. 18c . The oscillation of the gap is greatly enlarged compared with that of Figs. 18a and 18b . These results show that the communication delay not only damages the string stability but also threatens the safety of traffic.
The results of the headway time also point to similar conclusions as those of the spacing error. The disturbance of the headway time cannot be controlled, or mitigated, when the communication delay touches its boundary, as shown in Fig. 19 .
VI. CONCLUSION
This paper proposed a numerical method to identify the communication delay boundary considering the string stability requirement. First, a 3D stable body was established according to the current controller settings and vehicle dynamics. It represented the string stability area composed by k a , k v , and k s . A 2D stable surface was then obtained after k a was specified. It was observed that with an increase in the communication delay, the stable surface shrunk until it disappeared. The communication boundary was therefore found at this disappearance point. Because a 3D stable body and a 2D stable surface were built using a transfer function with no scaling processing, the communication delay boundary is more accurate in this study than that of previous studies. Realistic simulations were carried out to validate the performance of the proposed method. The results showed that if the communication delay is beyond the boundary, the string stability of the platoon begins to be unstable and the traffic safety diminishes. This study can allow practitioners and engineers to determine whether a real-time IVC system is qualified for the current vehicle dynamic system and the settings of the controller. In the future, we will continue to investigate the impact of communication delay on internal stability. With this aim, the optimal parameters of the controller inside the 3D stable body will be explored. The objective is to help achieve better traffic safety, efficiency and fuel consumption.
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